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The pancreatic ductal adenocarcinoma (PDAC) microenvironment accommodates a variety
of cell types and a plethora of complex interactions between tumor cells, host cells
and extracellular matrix (ECM) components. Here we review the role of inflammatory
cells, in particular mast cells, myeloid-derived suppressor cells, macrophages, T
regulatory cells, T helper cells and neutrophils. The picture that emerges is that of a
tumor microenvironment, in which the immune response is actively suppressed, and
inflammatory cells contribute in a variety of ways to tumor progression.
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INTRODUCTION
The presence of dense desmoplastic stroma is one of the defin-
ing characteristics of PDAC (Neesse et al., 2010). PDAC stroma
consists of mesenchymal cells such as fibroblasts and pancre-
atic stellate cells (PSCs); ECM proteins including proteoglycans,
fibronectin, and collagens I and III; peri-tumoral nerve fibers;
endothelial cells and cells of the immune system (Korc, 2007;
Farrow et al., 2008). The resulting microenvironment contributes
to cancer initiation, tumor progression (Hwang et al., 2008;
Vonlaufen et al., 2008; Whiteside, 2008; Polyak et al., 2009) and
chemoresistance (Olive et al., 2009; Grippo and Tuveson, 2010).
Inflammatory cells have been linked to tumor development
and progression through their mediation of the inflammatory
response critical for tumor formation from precancerous lesions
(de Visser et al., 2006). In the case of PDAC, a notably higher
incidence of cancer is found in patients with the inflammatory
condition, chronic pancreatitis (CP; Lowenfels et al., 1993; McKay
et al., 2008). Moreover for individuals with hereditary pancreati-
tis, the cumulative lifetime risk (to 70 years of age) of pancreatic
cancer is very high, at 40% (Vitone et al., 2005). In genetically
modified mouse models of PDAC, cerulein-induced pancreati-
tis is known to accelerate the development of PDAC (Guerra
et al., 2007, 2011; Morris et al., 2010). Moreover, pancreatitis
may also hasten the process of metastasis (Rhim et al., 2012).
Using a mouse model of pancreatic cancer in which pancre-
atic epithelial cells could be tracked, Rhim et al. (2012) recently
made the surprising observation that pancreatic cells, in the early
stages of transformation, entered the bloodstream. Interestingly,
the number of circulating pancreatic cells was increased in mice
following the induction of pancreatitis, and treatment with the
anti-inflammatory, dexamethasone, blocked dissemination.
The relationship between tumor cells and the immune sys-
tem is complex. Infiltrations of cells from both the innate and
the adaptive immune systems have been observed in many tumor
types and, depending on their nature, have been linked to prog-
nostic outcome (Pages et al., 2010; Roxburgh and McMillan,
2011) and response to treatment with conventional chemother-
apies (Fridman et al., 2011). One of the hallmarks of cancer is
the need for tumors to evade immune destruction (Hanahan
and Weinberg, 2011), and yet equally important in many cases
is the necessity of the tumor to hijack inflammatory components
of the immune response to create an environment that fosters
tumor growth and progression (Farrow et al., 2008; Hanahan and
Weinberg, 2011).
In this review we focus on the inflammatory components of
pancreatic stroma that contribute to immune suppression, tumor
cell growth and invasion. The negative growth effects of cellu-
lar components, such as cytotoxic T lymphocytes, natural killer
(NK) and dendritic cells, along with their potential exploitation
in the development of immunotherapies are reviewed elsewhere
(Koido et al., 2011; Vanneman and Dranoff, 2012; Wachsmann
et al., 2012). The role of specified inflammatory cells in PDAC are
detailed below and summarized in both Figure 1 and Table 1.
MAST CELLS
Mast cells are associated with allergic and anaphylactic reac-
tions and contribute to immune responses to microbial infection
(Gilfillan and Beaven, 2011). Other functions include facilitating
tissue remodeling and repair following injury, tumor repression
and tumor growth (Gilfillan and Beaven, 2011). Mast cells pro-
duce and secrete potent angiogenic molecules, and have been
implicated in angiogenesis in various malignancies, including
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FIGURE 1 | Inflammatory cell infiltration promotes growth and invasion
in pancreatic cancer. Desmoplastic stroma accumulates as tumorigenesis
progresses, increasing vascular formation and the production of collagen
while recruiting cells of the immune system to enhance tumor growth. Mast
cells and activated tumor associated macrophages (TAMs) localize at the
leading edge of the tumor where they can accelerate tumor invasion, and
TAMs are thought to enhance lymphatic metastasis and angiogenesis.
Myeloid derived suppressor cells (MDSCs), likewise, accumulate at the
invasive front and inhibit CD8+ cytotoxic T cells, enabling immune evasion.
Regulatory T cells (Tregs), which also suppress immune function, can be
found in relatively high abundance in pancreatic ductal adenocarcinoma
(PDAC). The presence of Th2 T helper cells in greater numbers than Th1 has
also been linked to increased tumor growth. PanIN = Pancreatic
intraepithelial neoplasia.
laryngeal squamous cell carcinomas, lung cancers and malignant
melanomas (Norrby, 2002). As tumors develop, mast cell precur-
sors are attracted to the tumor stroma. They express the receptor
for stem cell factor (KIT) and tumor-derived stem cell factor is
believed to cause the recruitment and activation of mast cells
in tumors (Ribatti and Crivellato, 2011). Once activated, mast
cells release inflammatory factors such as interleukin-6 (IL-6),
tumor necrosis factor-α, and vascular endothelial growth factor
(VEGF; Ribatti and Crivellato, 2011). Through the secretion of
immunosuppressive cytokines such as IL-10, mast cells down-
regulate the immune response to tumors (Ribatti and Crivellato,
2011). They also favor expansion and activation of regulatory
T (Treg) cells which promote immune tolerance (Ribatti and
Crivellato, 2011).
In a transgenic mouse model of pancreatic cancer which
expresses high levels of mutant K-ras (KRasG12V ), PDAC was
associated with an influx of mast cells (Chang et al., 2011). In
this model, mast cells were evenly distributed in CP and pancre-
atic intraepithelial neoplasia (PanIN) lesions, whereas they were
observed at the infiltrating edges of tumor. To determine the
effects of mast cells on PDAC growth, pancreatic tumors were
grown orthotopically in mast cell-deficient mice (Kit−/− mice).
PDAC growth was significantly reduced in Kit−/− mice com-
pared to control mice, and the mast cell-deficient mice lived
longer. These findings matched those in human tissues from
patients with PDAC (n = 67), in which higher levels of mast cells
corresponded with poor outcome, corroborating a trend seen
in a previous study (Esposito et al., 2004). More recently, high
mast cell counts in the cancerous border with normal tissue were
linked to poor prognosis (Cai et al., 2011). In vitro studies have
indicated that there may be cross-talk between mast cells and
PDAC cells. One study noted that signals secreted from PDAC
cells stimulated mast cell migration whilst reciprocating signals
selectively increased proliferation of tumor cells (Strouch et al.,
2010). Furthermore mast cells were found to promote the inva-
siveness of pancreatic tumor cells in a matrix metalloproteinase
(MMP)-dependent manner (Strouch et al., 2010).
The observation of mast cell infiltration in CP and PanIN
lesions in KRasG12V mice (Chang et al., 2011), suggests that
recruitment of mast cells may occur early in the development of
pancreatic cancer and is consistent with the notion of inflamma-
tion potentiating neoplasia. It is likely that mast cells are involved
in signaling with other components of the tumor microenvi-
ronment as part of the overall inflammatory response. IL-33 is
known to activate mast cells and stimulate pro-inflammatory
cytokine production (Xu et al., 2008), and has been found to
be expressed in the nuclei of activated PSCs (Masamune et al.,
2010). Similarly, mast cell tryptase contained within mast cell
granules and released upon degranulation has been found to
stimulate hepatic stellate cell proliferation and collagen produc-
tion, an essential process in stromal formation (Gaça et al., 2002).
With the notable presence of mast cells in the stroma of PDAC
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Table 1 | Summary of the role of specified inflammatory cells in pancreatic cancer.
Inflammatory cell Relevance to PDAC Reference
Mast cell (MC) • MC counts in human PDAC cancer edge linked to poor prognosis Cai et al., 2011
• MCs observed at the infiltrating edges of pancreatic tumors in mice Chang et al., 2011




• MDSC levels are elevated in peripheral blood of cancer patients (including
PDAC patients) compared to controls. The risk of death was increased as the
percentage of MDSCs increased
Gabitass et al., 2011
• MDSCs infiltration of pancreatic tumors in genetically modified mice is
accompanied by a lack of T cells, especially CD8+ cytotoxic T cells
Clark et al., 2007
Tumor associated
macrophage (TAM)
• M2-polarised TAMs (CD163 or CD204-positive macrophages), but not CD68-
positive macrophages, associated with a poor prognosis linked to
accelerated lymphatic metastasis
Kurahara et al., 2011
• SPARC positively influences the infiltration and the distribution of
macrophages to pancreatic tumors in mice
Puolakkainen et al., 2004
• TAMs recruited to orthotopic pancreatic tumors in mice express VEGF
receptor 2, which is involved in macrophage recruitment to these tumors
Dineen et al., 2008
• The interaction of macrophage inflammatory protein-3α and chemokine
receptor 6 (CCR6) is proposed to increase PDAC cell proliferation, migration
and invasion
Kimsey et al., 2004; Campbell et al., 2005
• CD40 activation in pancreatic cancer re-established tumor immune
surveillance by targeting macrophages, resulting in the destruction of the
tumor stroma
Kleeff et al., 1999; Beatty et al., 2011
T cell • Regulatory T cells (Tregs) are elevated in the blood of PDAC patients and
correlated with the numbers of MDSCs
Gabitass et al., 2011
• Tregs numbers increase with PanIN progression and advancing grade of
PDAC
Hiraoka et al., 2006
• Elevated ratio of Th2 to Th1 T helper cells is associated with poor prognosis
in PDAC
de Monte et al., 2011
Neutrophil • Significant tumor-infiltrating neutrophils are uncommon in PDAC Reid et al., 2011
Only a selection of published data are presented here.
it will be interesting to elucidate their full contribution to the
pancreatic cancer tumor microenvironment and to PDAC cells
directly.
MYELOID-DERIVED SUPPRESSOR CELLS
A number of different myeloid-derived cells feature within tumor
stroma, including myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), and dendritic cells.
These cells and their ability to suppress the tumoral immune
response, either alone or through communication with each
other, are reviewed by Ostrand-Rosenberg et al. (2012). MDSCs
are immature myeloid cells that enhance tumor growth by pro-
moting angiogenesis and by suppressing components from both
the innate and the adaptive immune system (Ostrand-Rosenberg
and Sinha, 2009; Ochando and Chen, 2012). They are elevated in
both the circulation and the tumor microenvironment of patients
with cancer, and comprise two main subsets, a monocytic sub-
population expressing CD14 and a granulocytic subpopulation
expressing CD15 (Ostrand-Rosenberg et al., 2012). MDSCs use
a variety of mechanisms to actively suppress host immunity such
as inhibition of T-cell activation, through the production of reac-
tive oxygen (Kusmartsev et al., 2004) and nitrogen species and
the depletion of the amino acids arginine and L-cysteine; inhibi-
tion of T cell migration; expansion of immunosuppressive Tregs
and inhibition of NK cell cytotoxicity (Ostrand-Rosenberg et al.,
2012).
In a genetically modified mouse model of pancreatic can-
cer, in which oncogenic KRasG12D is expressed in a pancreas-
specific fashion, the analysis of immune cells during pancreatic
cancer progression (Clark et al., 2007) revealed a slight eleva-
tion in the number of MDSCs in PanIN lesions, giving way
to a more pronounced increase in PDAC. MDSCs accumu-
lated around periductal areas and stroma in PDAC, although
their infiltration was delayed compared to macrophages (Clark
et al., 2007). Interestingly, the presence of MDSC infiltrates was
accompanied by a lack of T cells, especially CD8+ cytotoxic
T cells. This is consistent with previous work which demon-
strated that MDSCs inhibit the CD8+ T cell response through
the production of reactive oxygen species (Kusmartsev et al.,
2004). The inhibitory effect of MDSCs on CD8+ T cells was fur-
ther supported by a recent study in which murine pancreatic
cancer cells (Panc02) were inoculated into immunocompetent
mice (Pilon-Thomas et al., 2011). Tumor-bearing mice exhibited
down-regulation of src homology 2 domain-containing inosi-
tol 5’-phosphatase-1 (SHIP-1) expression in splenocytes, and an
expansion of MDSCs in the peripheral blood and splenocytes.
MDSCs from tumor-bearing mice overexpressed Bcl-2, contained
hyper-phosphorylated Akt (Pilon-Thomas et al., 2011) and were
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found to suppress CD8+ T cell growth to a greater extent than
MDSCs from control mice (Pilon-Thomas et al., 2011).
In a study of patients with pancreatic (n = 46), oesophageal
(n = 60) and gastric (n = 25) cancers, both Treg and MDSC
(HLADR− Lin1low/− CD33+ CD11b+) levels were found elevated
in peripheral blood of cancer patients compared to 54 healthy
controls (Gabitass et al., 2011). The risk of death was increased
as the percentage of MDSCs increased (Gabitass et al., 2011).
Recently, a mechanism of tumor invasion has been identified
where MDSCs alter the structure of MHC class I expressed on the
tumor cell surface, preventing the binding of processed peptide
that would otherwise activate antigen-specific CD8+ T cells (Lu
et al., 2011). This process was linked to the production of perox-
ynitrite (PNT), the predominant source of which, in pancreatic
cancer patients, was myeloid cells.
MACROPHAGES
Macrophages normally fight infection, facilitate wound heal-
ing and regulate tissue homeostasis. They localize to sites of
inflammation by responding to the chemoattractant, monocyte
chemotactic protein 1 (MCP-1; Farrow et al., 2008), and act as
one of the crucial effectors of the inflammatory response, releas-
ing cytokines, and growth factors (Coussens and Werb, 2002).
Their presence in the microenvironment of tumors has prompted
analysis of their role in cancer (reviewed in Ostrand-Rosenberg
et al., 2012; Ruffell et al., 2012). TAMs possess a number of char-
acteristics that facilitate tumor growth and support metastasis.
Through the production of vascular endothelial growth factor A
(VEGFA), they contribute to angiogenesis; by producing compo-
nents of ECM, such as collagens and ECM degrading enzymes,
such as MMPs, they contribute to stromal remodeling and to
cell migration within the tumor (Ostrand-Rosenberg et al., 2012;
Ruffell et al., 2012). Macrophages are classified into two extreme
phenotypic types, pro-inflammatory M1 macrophages and anti-
inflammatory M2 macrophages, although in reality the pheno-
type of macrophages is complex and cannot be fully explained by
a simple division into two discrete groups. M1-like macrophages
promote tumor cell death, while M2-like macrophages favor
tumor progression (Ostrand-Rosenberg et al., 2012; Ruffell et al.,
2012).
An assessment of TAMs in PDAC tumors, using the common
macrophage marker, CD68 as well as markers specific for recep-
tors on M2-polarised macrophages, CD163 and CD204, found
that the presence of high numbers of M2-polarised macrophages
correlated with a high incidence of lymph node metastasis.
Moreover, high lymphatic vessel density, as measured using
D2–40, and poor prognosis were observed in cases with high
number of CD163 or CD204-positive macrophages, but not
CD68-positive macrophages (Kurahara et al., 2011).
A number of mechanisms have been proposed for the
recruitment and activity of macrophages in pancreatic tumors.
Macrophage inflammatory protein-3α (Mip-3α) is expressed in
PDAC and mononuclear inflammatory cells in PDAC patient
tissues (Kimsey et al., 2004; Campbell et al., 2005). Specific inter-
actions of Mip-3α and its receptor, chemokine receptor 6 (CCR6)
which is expressed in PDAC cells, have been shown to increase
PDAC cell proliferation, migration and invasion in type IV
collagen, possibly through upregulation of MMP-9 production in
the tumor cells (Kleeff et al., 1999; Kimsey et al., 2004; Campbell
et al., 2005). Similarly, a role for VEGF has been elucidated. VEGF
is one of several cytokines to mediate macrophage recruitment
to tumors. Dineen et al. (2008) demonstrated the expression of
VEGF receptor 2 on TAMs of orthotopic pancreatic tumors in
mice. Selective inhibition of this receptor diminishedmacrophage
infiltration into these tumors. Focal adhesion kinase (FAK), a
known regulator of cell migration, proliferation, apoptosis, and
survival, has also been implicated in enabling macrophage infil-
tration in PDAC (Stokes et al., 2011). Interestingly, an intracellu-
lar matrix protein, the matricellular glycoprotein secreted protein
acidic and rich in cysteine (SPARC) has been shown to influence
the infiltration and the distribution of macrophages to pancre-
atic tumors in mice. Panc02 cells were grown subcutaneously
in SPARC-null and wild-type SPARC mice. F4/80-expressing
murine macrophages were more plentiful in tumors from wild-
type mice, and were distributed at the margins of tumors. By
contrast in SPARC-null mice, the distribution of macrophages
was even throughout the tumors (Puolakkainen et al., 2004).
Other mechanisms underpinning the actions of macrophages
in pancreatic cancer have also been suggested. TAMs were found
to produce Sonic hedgehog (Shh) upon stimulation of the NF-
κB pathway, causing an increase in PDAC cell proliferation, while
IL-1β release from stimulated macrophage cells was shown to
protect PDAC cells from drug-induced apoptosis by upregulat-
ing cyclooxygenase 2 (COX-2) production (Angst et al., 2008;
Yamasaki et al., 2010).
T CELLS
CD3+ T lymphocyte infiltrations have been reported in both
human and mouse PDAC tissue specimens (von Bernstorff et al.,
2001; Clark et al., 2007). Studies have focused on the presence and
function of CD4+ CD25high T regulatory cells (Tregs; Hiraoka
et al., 2006; Gabitass et al., 2011). Like MDSCs, Tregs display
an immunosuppressive phenotype, and are important mediators
of immune evasion in cancer. The mechanisms used by Tregs to
suppress immune function, including the suppression of CD4+
CD25− conventional T cells, are reviewed elsewhere (Menetrier-
Caux et al., 2012; Schmidt et al., 2012). As stated already in this
article, the numbers of both Tregs (CD4+ CD25+ CD127low/−
FoxP3+) and MDSCs were found to be elevated in the circula-
tion of pancreatic cancer patients and correlated with one another
(Gabitass et al., 2011). CD4+ FoxP3+ Tregs have been identi-
fied in PDAC tissues in significantly higher quantities than in
non-neoplastic inflammatory pancreatic stroma (Hiraoka et al.,
2006). Moreover, higher levels of Tregs corresponded with more
poorly differentiated tumors. Similarly, analysis of progressive
grades of PanIN revealed a significant increase in the prevalence
of Tregs from low-grade PanIN to invasive ductal carcinoma, with
a corresponding decrease in CD8+ T cell infiltration with PanIN
progression. High tumoral Treg levels were associated with poor
prognosis (Hiraoka et al., 2006).
Possible mechanisms for the increase in abundance of Tregs in
the tumor microenvironment have been demonstrated in mouse
models. Panc02 cells inoculated into a murine host were shown to
secrete chemokine (C-C motif) ligand 5 (CCL5; Tan et al., 2009)
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and transforming growth factor-β (TGF-β; Moo-Young et al.,
2009) resulting in the recruitment of Tregs or the conversion of
CD4+ CD25− naive T cells into Tregs (Moo-Young et al., 2009).
Along with Tregs, T helper (Th) cells have also been stud-
ied in PDAC, though the literature on the subject is limited.
Th cells activate cells of the innate immune system, facilitate
wound repair and provide assistance to B cells and cytotoxic
CD8+ T cells (O’Shea and Paul, 2010; Okoye and Wilson, 2011).
Several subsets of Th cell exist including Th1 cells that produce
interferon-γ (IFN-γ) and induce microbial elimination, and Th2
cells that secrete IL-4 and IL-13 and are thought to mediate
helminth immunity (Abbas et al., 1996; O’Shea and Paul, 2010).
Immunohistochemical analyses of PDAC samples have revealed
the presence of both Th1 and Th2 cell populations, with evidence
that the quantity and activity of Th cells are skewed toward the
Th2 subset (Bellone et al., 1999; Tassi et al., 2008). A recent study
reported that the ratio of Th2 GATA-3+ to Th1 T-bet+ cells is
an independent predictor of disease-free and overall survival in
PDAC patients, suggesting a link between Th2 prevalence and
tumor progression (de Monte et al., 2011). The authors propose
a mechanism whereby tumor cells induce the release of thymic
stromal lymphopoietin (TSLP) from cancer-associated fibrob-
lasts (CAFs) which subsequently activates tumor antigen-loaded
dendritic cells. They posit that dendritic cells then migrate and
activate tumor antigen-specific Th2 cells at the draining lymph
nodes. The activated Th2 cells then home to the tumor site and
may promote tumor growth (de Monte et al., 2011). This study
illustrates the important cross-talk between components of the
stroma and the immune system.
NEUTROPHILS
Neutrophils play crucial roles in defense against infectious dis-
eases, act as early modulators of inflammation and are often
the initial recruited effector at sites of acute inflammation. They
are key regulators of the immune response (Kumar and Sharma,
2010; Mantovani et al., 2011).
A recent systematic analysis of tumor infiltrating neutrophils
was undertaken in a variety of pancreatic neoplasms (Reid et al.,
2011). The authors defined 10 or more infiltrating neutrophils
per 100 epithelial cells as positive, and classified more than
15 tumor-infiltrating neutrophils as significant. Significant neu-
trophil infiltrates were rarely found in PDAC, but were observed
in micropapillary and undifferentiated types of poor prognosis.
In PDAC, an elevated pre-operative neutrophil-lymphocyte
ratio (NLR) was reported to be associated with poor progno-
sis, contrasting with platelet-lymphocyte ratio, which showed no
relationship with outcome (Bhatti et al., 2010). The prognostic
value of NLR was verified in an independent study (Wang et al.,
2012) and is consistent with observations made in other malig-
nancies (Walsh et al., 2005; Gomez et al., 2008; Cho et al., 2009;
Sarraf et al., 2009).
CONCLUDING REMARKS
Cancer cells express tumor antigens and can elicit an immune
response. Unfortunately, tumors also develop mechanisms
enabling themselves to escape immune surveillance. Hiraoka
et al. (2011) recently investigated the host immune response in
intraductal papillary mucinous neoplasm (IPMN), a precursor
lesion that can lead to pancreatic cancer. The adenoma stage
(IPMA) was characterized by an antitumor immune response.
However, the immune reaction changed to immune tolerance
in the carcinoma stage (IPMC). Inflammatory cells can con-
tribute to tumorigenesis through immune suppression. They
also facilitate cancer progression by promoting angiogenesis and
facilitating cancer metastasis. Our review has focused on the
tumor-promoting effects of inflammatory cells, as opposed to
the anti-tumoral effects of inflammatory cells. Although good
progress has been made in understanding how inflammatory cells
support tumor growth, a great deal of research is still necessary
before we fully appreciate the tumor promoting roles of these cells
in PDAC.
ACKNOWLEDGMENTS
We thank Pancreatic Cancer UK, Pancreatic Cancer Research
Fund and the National Institute for Health Research Pancreas
Biomedical Research Unit, Liverpool, UK.
REFERENCES
Abbas, A. K., Murphy, K. M., and Sher,
A. (1996). Functional diversity of
helper T lymphocytes. Nature 383,
787–793.
Angst, E., Reber, H. A., Hines, O. J.,
and Eibl, G. (2008). Mononuclear
cell-derived interleukin-1 beta con-
fers chemoresistance in pancre-
atic cancer cells by upregulation
of cyclooxygenase-2. Surgery 144,
57–65.
Beatty, G. L., Chiorean, E. G.,
Fishman, M. P., Saboury, B.,
Teitelbaum, U. R., Sun, W.,
Huhn, R. D., Song, W., Li, D.,
Sharp, L. L., Torigian, D. A.,
O’dwyer, P. J., and Vonderheide,
R. H. (2011). CD40 agonists alter
tumor stroma and show efficacy
against pancreatic carcinoma in
mice and humans. Science 331,
1612–1616.
Bellone, G., Turletti, A., Artusio, E.,
Mareschi, K., Carbone, A., Tibaudi,
D., Robecchi, A., Emanuelli, G.,
and Rodeck, U. (1999). Tumor-
associated transforming growth
factor-β and interleukin-10 con-
tribute to a systemic Th2 immune
phenotype in pancreatic carcinoma
patients. Am. J. Pathol. 155,
537–547.
Bhatti, I., Peacock, O., Lloyd, G.,
Larvin, M., and Hall, R. I. (2010).
Preoperative hematologic mark-
ers as independent predictors




J. Surg. 200, 197–203.
Cai, S. W., Yang, S. Z., Gao, J., Pan,
K., Chen, J. Y., Wang, Y. L., Wei,
L. X., and Dong, J. H. (2011).
Prognostic significance of mast cell
count following curative resection
for pancreatic ductal adenocarci-
noma. Surgery 149, 576–584.
Campbell, A. S., Albo, D., Kimsey, T. F.,
White, S. L., andWang, T. N. (2005).
Macrophage inflammatory protein-
3α promotes pancreatic cancer
cell invasion. J. Surg. Res. 123,
96–101.
Chang, D. Z., Ma, Y., Ji, B. A., Wang, H.
M., Deng, D. F., Liu, Y., Abbruzzese,
J. L., Liu, Y. J., Logsdon, C. D., and
Hwu, P. (2011). Mast cells in tumor
microenvironment promotes the in
vivo growth of pancreatic ductal
adenocarcinoma. Clin. Cancer Res.
17, 7015–7023.
Cho, H., Hur, H., Kim, S., Kim, S.,
Kim, J., Kim, Y., and Lee, K. (2009).
Pre-treatment neutrophil to lym-
phocyte ratio is elevated in epithelial
ovarian cancer and predicts survival
after treatment. Cancer Immunol.
Immunother. 58, 15–23.
Clark, C. E., Hingorani, S. R., Mick,
R., Combs, C., Tuveson, D. A.,
and Vonderheide, R. H. (2007).
Dynamics of the immune reaction
to pancreatic cancer from incep-
tion to invasion. Cancer Res. 67,
9518–9527.
Coussens, L. M., and Werb, Z. (2002).
Inflammation and cancer. Nature
420, 860–867.
www.frontiersin.org July 2012 | Volume 3 | Article 270 | 5
Evans and Costello Inflammatory cells and pancreatic cancer growth
de Monte, L., Reni, M., Tassi, E.,
Clavenna, D., Papa, I., Recalde, H.,
Braga, M., Di Carlo, V., Doglioni,
C., and Protti, M. P. (2011).
Intratumor T helper type 2 cell
infiltrate correlates with cancer-
associated fibroblast thymic stromal
lymphopoietin production and
reduced survival in pancreatic
cancer. J. Exp. Med. 208, 469–478.
de Visser, K. E., Eichten, A., and
Coussens, L. M. (2006). Paradoxical
roles of the immune system dur-
ing cancer development. Nat. Rev.
Cancer 6, 24–37.
Dineen, S. P., Lynn, K. D., Holloway,
S. E., Miller, A. F., Sullivan, J. P.,
Shames, D. S., Beck, A. W., Barnett,
C. C., Fleming, J. B., and Brekken,
R. A. (2008). Vascular endothelial
growth factor receptor 2 mediates
macrophage infiltration into ortho-
topic pancreatic tumors in mice.
Cancer Res. 68, 4340–4346.
Esposito, I., Menicagli, M., Funel, N.,
Bergmann, F., Boggi, U., Mosca,
F., Bevilacqua, G., and Campani,
D. (2004). Inflammatory cells con-
tribute to the generation of an
angiogenic phenotype in pancre-
atic ductal adenocarcinoma. J. Clin.
Pathol. 57, 630–636.
Farrow, B., Albo, D., and Berger, D.
H. (2008). The role of the tumor
microenvironment in the progres-
sion of pancreatic cancer. J. Surg.
Res. 149, 319–328.
Fridman, W. H., Galon, J., Pages, F.,
Tartour, E., Sautes-Fridman, C., and
Kroemer, G. (2011). Prognostic and
predictive impact of intra- and per-
itumoral immune infiltrates. Cancer
Res. 71, 5601–5605.
Gabitass, R. F., Annels, N. E.,
Stocken, D. D., Pandha, H. A.,
and Middleton, G. W. (2011).
Elevated myeloid-derived suppres-
sor cells in pancreatic, esophageal
and gastric cancer are an inde-
pendent prognostic factor and are
associated with significant elevation
of the Th2 cytokine interleukin-13.
Cancer Immunol. Immunother. 60,
1419–1430.
Gaça, M. D. A., Zhou, X., and Benyon,
R. C. (2002). Regulation of hep-
atic stellate cell proliferation and
collagen synthesis by proteinase-
activated receptors. J. Hepatol. 36,
362–369.
Gilfillan, A. M., and Beaven, M. A.
(2011). Regulation of mast cell
responses in health and disease.
Crit. Rev. Immunol. 31, 475–529.
Gomez, D., Farid, S., Malik, H.,
Young, A., Toogood, G., Lodge, J.,
and Prasad, K. (2008). Preoperative
neutrophil-to-lymphocyte ratio as a
prognostic predictor after curative
resection for hepatocellular carci-
noma.World J. Surg. 32, 1757–1762.
Grippo, P. J., and Tuveson, D. A. (2010).
Deploying mouse models of pan-
creatic cancer for chemoprevention
studies. Cancer Prev. Res. (Phila.) 3,
1382–1387.
Guerra, C., Collado, M., Navas, C.,
Schuhmacher, A. J., Hernandez-
Porras, I., Canamero, M.,
Rodriguez-Justo, M., Serrano,
M., and Barbacid, M. (2011).
Pancreatitis-induced inflammation
contributes to pancreatic cancer
by inhibiting oncogene-induced
senescence. Cancer Cell 19, 728–739.
Guerra, C., Schuhmacher, A. J.,
Canamero, M., Grippo, P. J.,
Verdaguer, L., Perez-Gallego, L.,
Dubus, P., Sandgren, E. P., and
Barbacid, M. (2007). Chronic pan-
creatitis is essential for induction of
pancreatic ductal adenocarcinoma
by K-Ras oncogenes in adult mice.
Cancer Cell 11, 291–302.
Hanahan, D., and Weinberg, R. A.
(2011). Hallmarks of cancer:
the next generation. Cell 144,
646–674.
Hiraoka, N., Onozato, K., Kosuge, T.,
andHirohashi, S. (2006). Prevalence
of FOXP3(+) regulatory T cells
increases during the progression of
pancreatic ductal adenocarcinorna
and its premalignant lesions. Clin.
Cancer Res. 12, 5423–5434.
Hiraoka, N., Yamazaki-Itoh, R., Ino,
Y., Mizuguchi, Y., Yamada, T.,
Hirohashi, S., and Kanai, Y. (2011).
CXCL17 and ICAM2 are associ-
ated with a potential anti-tumor
immune response in early intraep-
ithelial stages of human pancreatic
carcinogenesis. Gastroenterology
140, 310–321.
Hwang, R. F., Moore, T., Arumugam,
T., Ramachandran, V., Amos, K.
D., Rivera, A., Ji, B., Evans, D. B.,
and Logsdon, C. D. (2008). Cancer-
associated stromal fibroblasts pro-
mote pancreatic tumor progression.
Cancer Res. 68, 918–926.
Kimsey, T. F., Campbell, A. S., Albo,
D., and Wang, T. N. (2004).
Co-localization of macrophage
inflammatory protein-3alpha (Mip-
3alpha) and its receptor, CCR6,
promotes pancreatic cancer cell
invasion. Cancer J. 10, 374–380.
Kleeff, J., Kusama, T., Rossi, D.
L., Ishiwata, T., Maruyama,
H., Friess, H., Büchler, M. W.,
Zlotnik, A., and Korc, M. (1999).
Detection and localization of MIP-
3α/LARC/exodus, a macrophage
proinflammatory chemokine, and
its CCR6 receptor in human pan-
creatic cancer. Int. J. Cancer 81,
650–657.
Koido, S., Homma, S., Takahara,
A., Namiki, Y., Tsukinaga, S.,
Mitobe, J., Odahara, S., Yukawa,
T., Matsudaira, H., Nagatsuma,
K., Uchiyama, K., Satoh, K., Ito,
M., Komita, H., Arakawa, H.,
Ohkusa, T., Gong, J. L., and Tajiri,
H. (2011). Current immunother-
apeutic approaches in pancreatic
cancer. Clin. Dev. Immunol. 2011,
15.
Korc, M. (2007). Pancreatic cancer-
associated stroma production. Am.
J. Surg. 194, S84–S86.
Kumar, V., and Sharma, A. (2010).
Neutrophils: cinderella of
innate immune system. Int.
Immunopharmacol. 10, 1325–1334.
Kurahara, H., Shinchi, H., Mataki, Y.,
Maemura, K., Noma, H., Kubo, F.,
Sakoda, M., Ueno, S., Natsugoe, S.,
and Takao, S. (2011). Significance
of M2-polarized tumor-associated
macrophage in pancreatic cancer.
J. Surg. Res. 167, e211–e219.
Kusmartsev, S., Nefedova, Y., Yoder,
D., and Gabrilovich, D. I. (2004).
Antigen-specific inhibition of
CD8+ T cell response by immature
myeloid cells in cancer is medi-
ated by reactive oxygen species.
J. Immunol. 172, 989–999.
Lowenfels, A. B., Maisonneuve, P.,
Cavallini, G., Ammann, R. W.,
Lankisch, P. G., Andersen, J. R.,
Dimagno, E. P., Andren-Sandberg,
A., and Domellof, L. (1993).
Pancreatitis and the risk of pancre-
atic cancer. N. Engl. J. Med. 328,
1433–1437.
Lu, T. Y., Ramakrishnan, R., Altiok,
S., Youn, J. I., Chong, P. Y., Celis,
E., Pisarev, V., Sherman, S., Sporn,
M. B., and Gabrilovich, D. (2011).
Tumor-infiltrating myeloid cells
induce tumor cell resistance to
cytotoxic T cells in mice. J. Clin.
Invest. 121, 4015–4029.
Mantovani, A., Cassatella, M. A.,
Costantini, C., and Jaillon, S.
(2011). Neutrophils in the acti-
vation and regulation of innate
and adaptive immunity. Nat. Rev.
Immunol. 11, 519–531.
Masamune, A., Watanabe, T., Kikuta,
K., Satoh, K., Kanno, A., and
Shimosegawa, T. (2010). Nuclear
expression of interleukin-33 in
pancreatic stellate cells. Am. J.
Physiol. Gastrointest. Liver Physiol.
299, G821–G832.
McKay, C. J., Glen, P., and McMillan,
D. C. (2008). Chronic inflammation
and pancreatic cancer. Best Pract.
Res. Clin. Gastroenterol. 22, 65–73.
Menetrier-Caux, C., Curiel, T., Faget, J.,
Manuel, M., Caux, C., and Zou, W.
(2012). Targeting regulatory T cells.
Target. Oncol. 7, 15–28.
Moo-Young, T. A., Larson, J. W., Belt,
B. A., Tan, M. C., Hawkins, W.
G., Eberlein, T. J., Goedegebuure,
P. S., and Linehan, D. C. (2009).
Tumor-derived TGF-beta mediates
conversion of CD4(+)Foxp3(+) reg-
ulatory T cells in a murine model of
pancreas cancer. J. Immunother. 32,
12–21.
Morris, J. P. T., Cano, D. A., Sekine,
S., Wang, S. C., and Hebrok, M.
(2010). Beta-catenin blocks Kras-
dependent reprogramming of acini
into pancreatic cancer precursor
lesions in mice. J. Clin. Invest. 120,
508–520.
Neesse, A., Michl, P., Frese, K. K.,
Feig, C., Cook, N., Jacobetz, M. A.,
Lolkema,M. P., Buchholz,M., Olive,
K. P., Gress, T. M., and Tuveson, D.
A. (2010). Stromal biology and ther-
apy in pancreatic cancer. Gut. 60,
861–868.
Norrby, K. (2002). Mast cells and
angiogenesis. APMIS 110, 355–371.
O’Shea, J. J., and Paul, W. E. (2010).
Mechanisms underlying lineage
commitment and plasticity of
helper CD4+ T cells. Science 327,
1098–1102.
Ochando, J. C., and Chen, S. H.
(2012). Myeloid-derived suppressor
cells in transplantation and cancer.
Immunol. Res. doi: 10.1007/s12026-
012-8335-1. [Epub ahead of print].
Okoye, I. S., and Wilson, M. S.
(2011). CD4+ T helper 2 cells–
microbial triggers, differentiation
requirements and effector func-
tions. Immunology 134, 368–377.
Olive, K. P., Jacobetz, M. A., Davidson,
C. J., Gopinathan, A., Mcintyre, D.,
Honess, D., Madhu, B., Goldgraben,
M. A., Caldwell, M. E., Allard,
D., Frese, K. K., Denicola, G.,
Feig, C., Combs, C., Winter, S. P.,
Ireland-Zecchini, H., Reichelt, S.,
Howat, W. J., Chang, A., Dhara, M.,
Wang, L., Ruckert, F., Grutzmann,
R., Pilarsky, C., Izeradjene, K.,
Hingorani, S. R., Huang, P., Davies,
S. E., Plunkett, W., Egorin, M.,
Hruban, R. H., Whitebread, N.,
Mcgovern, K., Adams, J., Iacobuzio-
Donahue, C., Griffiths, J., and
Tuveson, D. A. (2009). Inhibition
of Hedgehog signaling enhances
delivery of chemotherapy in a
mouse model of pancreatic cancer.
Science 324, 1457–1461.
Ostrand-Rosenberg, S., and Sinha, P.
(2009). Myeloid-derived suppressor
cells: linking inflammation and can-
cer. J. Immunol. 182, 4499–4506.
Ostrand-Rosenberg, S., Sinha, P.,
Beury, D. W., and Clements, V.
K. (2012). Cross-talk between
myeloid-derived suppressor cells
(MDSC), macrophages, and
Frontiers in Physiology | Gastrointestinal Sciences July 2012 | Volume 3 | Article 270 | 6
Evans and Costello Inflammatory cells and pancreatic cancer growth
dendritic cells enhances tumor-
induced immune suppression.
Semin. Cancer Biol. 22, 275–281.
Pages, F., Galon, J., Dieu-Nosjean, M.
C., Tartour, E., Sautes-Fridman,
C., and Fridman, W. H. (2010).
Immune infiltration in human
tumors: a prognostic factor that
should not be ignored. Oncogene
29, 1093–1102.
Pilon-Thomas, S., Nelson, N., Vohra,
N., Jerald, M., Pendleton, L.,
Szekeres, K., and Ghansah,
T. (2011). Murine pancre-
atic adenocarcinoma dampens
SHIP-1 expression and alters
MDSC homeostasis and func-
tion. PLoS ONE 6:e27729. doi:
10.1371/journal.pone.0027729
Polyak, K., Haviv, I., and Campbell, I.
G. (2009). Co-evolution of tumor
cells and their microenvironment.
Trends Genet. 25, 30–38.
Puolakkainen, P. A., Brekken, R. A.,
Muneer, S., and Sage, E. H. (2004).
Enhanced growth of pancreatic
tumors in SPARC-null mice is asso-
ciated with decreased deposition of
extracellular matrix and reduced
tumor cell apoptosis. Mol. Cancer
Res. 2, 215–224.
Reid,M. D., Basturk, O., Thirabanjasak,
D., Hruban, R. H., Klimstra, D. S.,
Bagci, P., Altinel, D., and Adsay,
V. (2011). Tumor-infiltrating neu-
trophils in pancreatic neoplasia.
Mod. Pathol. 24, 1612–1619.
Rhim, A. D., Mirek, E. T., Aiello, N. M.,
Maitra, A., Bailey, J. M., McAllister,
F., Reichert,M., Beatty, G. L., Rustgi,
A. K., Vonderheide, R. H., Leach, S.
D., and Stanger, B. Z. (2012). EMT
and dissemination precede pancre-
atic tumor formation. Cell 148,
349–361.
Ribatti, D., and Crivellato, E. (2011).
Mast cells, angiogenesis and cancer.
Adv. Exp. Med. Biol. 716, 270–288.
Roxburgh, C. S. D., and McMillan,
D. C. (2011). The role of the in
situ local inflammatory response in
predicting recurrence and survival
in patients with primary operable
colorectal cancer. Cancer Treat. Rev.
38, 451–466.
Ruffell, B., Affara, N. I., and Coussens,
L. M. (2012). Differential
macrophage programming in
the tumor microenvironment.
Trends Immunol. 33, 119–126.
Sarraf, K. M., Belcher, E., Raevsky, E.,
Nicholson, A. G., Goldstraw,
P., and Lim, E. (2009).
Neutrophil/lymphocyte ratio
and its association with survival
after complete resection in non–
small cell lung cancer. J. Thorac.
Cardiovasc. Surg. 137, 425–428.
Schmidt, A., Oberle, N., and Krammer,
P. H. (2012). Molecular mecha-
nisms of treg-mediated T cell sup-
pression. Front. Immunol. 3:51. doi:
10.3389/fimmu.2012.00051
Stokes, J. B., Adair, S. J., Slack-Davis,
J. K., Walters, D. M., Tilghman,
R. W., Hershey, E. D., Lowrey,
B., Thomas, K. S., Bouton, A.
H., Hwang, R. F., Stelow, E. B.,
Parsons, J. T., and Bauer, T. W.
(2011). Inhibition of focal adhesion
kinase by PF-562, 271 inhibits the
growth and metastasis of pancre-
atic cancer concomitant with alter-
ing the tumor microenvironment.
Mol. Cancer Ther. 10, 2135–2145.
Strouch, M. J., Cheon, E. C., Salabat,
M. R., Krantz, S. B., Gounaris, E.,
Melstrom, L. G., Dangi-Garimella,
S., Wang, E., Munshi, H. G.,
Khazaie, K., and Bentrem, D. J.
(2010). Crosstalk between mast
cells and pancreatic cancer cells
contributes to pancreatic tumor
progression. Clin. Can. Res. 16,
2257–2265.
Tan, M. C. B., Goedegebuure, P. S.,
Belt, B. A., Flaherty, B., Sankpal,
N., Gillanders, W. E., Eberlein, T.
J., Hsieh, C.-S., and Linehan, D.
C. (2009). Disruption of CCR5-
dependent homing of regulatory T
cells inhibits tumor growth in a
murine model of pancreatic cancer.
J. Immunol. 182, 1746–1755.
Tassi, E., Gavazzi, F., Albarello, L.,
Senyukov, V., Longhi, R., Dellabona,
P., Doglioni, C., Braga, M., Di
Carlo, V., and Protti, M. P. (2008).
Carcinoembryonic antigen-specific
but not antiviral CD4+ T cell
immunity is impaired in pancre-
atic carcinoma patients. J. Immunol.
181, 6595–6603.
Vanneman, M., and Dranoff, G.
(2012). Combining immunother-
apy and targeted therapies in cancer
treatment. Nat. Rev. Cancer 12,
237–251.
Vitone, L. J., Greenhalf, W., Howes,
N. R., and Neoptolemos, J. P.
(2005). Hereditary pancreatitis and
secondary screening for early pan-
creatic cancer. Rocz. Akad. Med.
Bialymst. 50, 73–84.
von Bernstorff, W., Voss, M., Freichel,
S., Schmid, A., Vogel, I., Johnk, C.,
Henne-Bruns, D., Kremer, B., and
Kalthoff, H. (2001). Systemic and
local immunosuppression in pan-
creatic cancer patients. Clin. Cancer
Res. 7, 925S–932S.
Vonlaufen, A., Joshi, S., Qu, C., Phillips,
P. A., Xu, Z., Parker, N. R., Toi,
C. S., Pirola, R. C., Wilson, J.
S., Goldstein, D., and Apte, M.
V. (2008). Pancreatic stellate cells:
partners in crime with pancre-
atic cancer cells. Cancer Res. 68,
2085–2093.
Wachsmann, M. B., Pop, L. M., and
Vitetta, E. S. (2012). Pancreatic duc-
tal adenocarcinoma: a review of
immunologic aspects. J. Invest. Med.
60, 643–663.
Walsh, S. R., Cook, E. J., Goulder,
F., Justin, T. A., and Keeling, N.
J. (2005). Neutrophil-lymphocyte
ratio as a prognostic factor in col-
orectal cancer. J. Surg. Oncol. 91,
181–184.
Wang, D. S., Luo, H. Y., Qiu, M. Z.,
Wang, Z. Q., Zhang, D. S., Wang,
F. H., Li, Y. H., and Xu, R. H.
(2012). Comparison of the prog-
nostic values of various inflamma-
tion based factors in patients with
pancreatic cancer. Med. Oncol. doi:
10.1007/s12032-012-0226-8. [Epub
ahead of print].
Whiteside, T. L. (2008). The tumor
microenvironment and its role in
promoting tumor growth. Oncogene
27, 5904–5912.
Xu, D., Jiang, H. R., Kewin, P., Li,
Y., Mu, R., Fraser, A. R., Pitman,
N., Kurowska-Stolarska, M.,
McKenzie, A. N. J., McInnes, I.
B., and Liew, F. Y. (2008). IL-
33 exacerbates antigen-induced
arthritis by activating mast cells.
Proc. Natl. Acad. Sci. U.S.A. 105,
10913–10918.
Yamasaki, A., Kameda, C., Xu, R.,
Tanaka, H., Tasaka, T., Chikazawa,
N., Suzuki, H., Morisaki, T., Kubo,
M., Onishi, H., Tanaka, M., and
Katano, M. (2010). Nuclear fac-
tor kappaB-activated monocytes
contribute to pancreatic cancer pro-
gression through the production of
Shh. Cancer Immunol. Immunother.
59, 675–686.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 16 May 2012; paper pend-
ing published: 03 June 2012; accepted:
26 June 2012; published online: 13 July
2012.
Citation: Evans A and Costello E (2012)
The role of inflammatory cells in fos-
tering pancreatic cancer cell growth
and invasion. Front. Physio. 3:270. doi:
10.3389/fphys.2012.00270
This article was submitted to Frontiers in
Gastrointestinal Sciences, a specialty of
Frontiers in Physiology.
Copyright © 2012 Evans and Costello.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.
www.frontiersin.org July 2012 | Volume 3 | Article 270 | 7
